Thyroid hormones such as 3,3′,5 triiodo-L-thyronine (T3) control numerous aspects of mammalian development and metabolism. The actions of such hormones are mediated by specific thyroid hormone receptors (TRs). TR belongs to the nuclear receptor family of modular transcription factors that binds to specific DNA-response elements within target promoters. These receptors can function as homo-or heterodimers such as TR:9-cis retinoic acid receptor (RXR). Here, we present the atomic resolution structure of the TRα•T3:RXRα•9-cis retinoic acid (9c) ligand binding domain heterodimer complex at 2.95 Å along with T3 hormone binding and dissociation and coactivator binding studies. Our data provide a structural basis for allosteric communication between T3 and 9c and negative cooperativity between their binding pockets. In this structure, both TR and RXR are in the active state conformation for optimal binding to coactivator proteins. However, the structure of TR•T3 within TR•T3:RXR•9c is in a relative state of disorder, and the observed kinetics of binding show that T3 dissociates more rapidly from TR•T3:RXR•9c than from TR•T3:RXR. Also, coactivator binding studies with a steroid receptor coactivator-1 (receptor interaction domains 1-3) fragment show lower affinities (K a ) for TR•T3:RXR•9c than TR•T3:RXR. Our study corroborates previously reported observations from cell-based and binding studies and offers a structural mechanism for the repression of TR•T3:RXR transactivation by RXR agonists. Furthermore, the recent discoveries of multiple endogenous RXR agonists that mediate physiological tasks such as lipid biosynthesis underscore the pharmacological importance of negative cooperativity in ligand binding within TR:RXR heterodimers.
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allostery | thyroid receptor I n the simplest model for transactivation, agonist binding to either receptor in the nuclear receptor (NR) heterodimer must activate downstream genes. However, when treated with both agonists at one time, NR:9-cis retinoic acid receptor (RXR) complexes exhibit diverse transcriptional responses (1, 2) and provide additional layers of regulation of the transcriptional activity of heterodimeric NRs. For instance, agonists for either liver X receptor (LXR) or RXR can transactivate the LXR:RXR heterodimer and double transcriptional levels when these agonists are used in concert (2) . However, full activity of the thyroid hormone receptor (TR):RXR heterodimer is only in response to 3,3′,5 triiodo-L-thyronine (T3) alone and cannot be independently achieved by the RXR agonist. Furthermore, transactivation levels of TR•T3:RXR are lower than optimal in the presence of the RXR agonist (1, 3) . This negative cooperativity in TR:RXR heterodimers is in sharp contrast to the positive control exerted by the RXR agonist on retinoic acid receptor (RAR):RXR transactivation (4). NRs such as TR and RXR are modular proteins with recognizable domains that perform distinct functions in multiple oligomeric states (5, 6) . Although the DNA binding domain (DBD) recognizes specific DNA promoter elements (5), agonist ligand recognition and accompanying conformational changes occur largely within the ligand binding domain (LBD) (7) . The inactive state conformations of NR have been described by the structures of unliganded RXR (8), in antagonist-bound peroxisome proliferator-activated receptor γ (PPARγ) (9), or inverse agonist-bound constitutive androstane receptor (CAR) (10) LBDs, whereas the RXR•9c LBD structure (11) is the canonical representation of the NR active state conformation.
Results and Discussion 9c Allosterically Disrupts TR Structure. Although TR:RXR plays a vital role in developmental and metabolic processes (12, 13) , the molecular mechanisms of transactivation are unknown. In this study, we have examined the structural basis of negative cooperativity between the agonists for TR:RXR from a crystal structure of the TR•T3:RXR•9c LBD determined at 2.95 Å. Phasing for structure determination was obtained using a combination of molecular replacement and anomalous scattering from iodine in the T3 ligand (Table S1 ). There is a single TR•T3: RXR•9c LBD within the crystallographic asymmetric unit (Fig.  1A) . The overall structures of TR and RXR within TR•T3: RXR•9c are similar to previously determined TRα•T3 (14) (rmsd = 0.65 Å) and RXRα•9c (11) (rmsd = 0.56 Å), suggesting that there are minimal changes to the conformation of the receptor on heterodimerization. However, there are two unique and interrelated features in the TR•T3:RXR•9c structure that form the basis of the 9c-initiated allosteric effects on the activity of this complex. First, the electron density (2jF o j − jF c j contoured at 1× SD) of the TR subunit of TR•T3:RXR•9c is frequently discontinuous, and second, the density of RXR within the same complex is mostly uninterrupted (Fig. S1 ). Regions with the most significant disorder in electron density are within the T3 ligand binding pocket and the coactivator binding site of TR (Fig. 1B) . Also, the absence of density is largely from the side chains of residues, whereas the main chain density is strong and continuous. We sought to validate the presence of these side chains by first substituting the problematic residues with alanine and then calculating jF o j − jF c j coefficient electron density maps. The presence of strong (3× SD) peaks in the jF o j − jF c j coefficient electron density maps (Fig. 1C) confirms that the observed disordered density is not a crystallographic artifact and is analogous to previous reports of local or global dynamics within proteins (15) and protein•ligand (16) structures that manifest as either high individual atomic temperature factors (B factors) or discontinuous electron density (17) . Finally, by occupancy refinement of only T3 (occupancy = 0.70) and 9c (occupancy = 0.99), we were able to remove the negative electron density on T3 (2jF o j − jF c j density is shown in Fig. 1D ). Thus, it is very likely that the disorder in TR•T3:RXR•9c derives from an increase in the local dynamics and loosening of the TR•T3 moiety. (Fig. 2A, Inset) , suggesting a stronger TR•T3 complex in the absence of 9c within TR:RXR than in TR•T3:RXR•9c. Collectively, these results indicate that TR within TR•T3:RXR•9c (this structure) is relatively destabilized compared with TR•T3:RXR, and this conclusion is not evident from the overall rmsd from published TR structures (14) .
Steroid Receptor Coactivator-1 Shows Diminished Affinity to TR•T3:
RXR•9c LBDs. It is well-established that T3 agonist binding in TR is accompanied by conformational changes that are mostly within the C-terminal helix H12 (AF2 domain) (14) . In TR•T3: RXR•9c, the AF2 domain is in the typical NR active state conformation (21) (Fig. 1A) for binding to coactivator proteins such as the steroid receptor coactivator-1 (SRC1) (22) . However, as observed with the ligand binding pocket, the electron density of side chains of AF2 within the TR coactivator binding site is also disordered. Earlier studies have shown that the optimal recruitment of coactivators by NRs requires the most favorable conformation of AF2, and small changes in the dynamics of this domain can have profound effects on both coactivator binding affinities and transactivation levels (23) . Other findings have established a direct relationship between the potency of the TR agonist and the binding affinity of coactivator in TRβ (20) . (Fig. 2B and Fig. S2 ). Similar affinity measurements between a TR DBD-hinge-LBD domain construct and SRC1 have shown a similar binding pattern (3). Thus, when taken together, our data indicate that the allostery initiated by 9c leads to the destabilization of TR within the TR•T3:RXR•9c complex, thereby diminishing T3 binding affinity and coactivator recruitment and repressing transactivation. (Fig. S1A) . Both TR and RAR have the same angular orientation to RXR (Fig. S3A) , with comparably small and homologous heterodimer interfaces (TR:RXR = 971 Å 2 and RAR: RXR = 959 Å 2 ) ( Fig. S3B and Table S2 ). The solvent content within the TR•T3:RXR•9c crystal is ∼70% (Table S1) , and thus, the majority of the molecular surface is exposed to solvent channels. Consequently, electron density for the loop that links helix H1 to helix H2 in both the TR and RXR subunits is poor, and this region has also been shown to be relatively mobile in other NR structures (11, 25) . The only observable crystal-packing interactions occur between the N-terminal extension of the TR LBD from one TR•T3:RXR•9c and the RXR AF2 of TR•T3:RXR•9c in the neighboring asymmetric unit, forming an indefinitely extended pattern of interacting TR•T3:RXR•9c heterodimers ( Fig.  2D and Fig. S4A ). This N-terminal extension encompasses the linker (D domain) between the TR DBD and LBD, has an amino acid sequence that is homologous to the SRC1 RID (Fig. S4B) , and adopts an interacting helical conformation similar to the SRC1-derived LXXLL peptide commonly used in cocrystallization with nuclear receptors (25) (Fig. S4C) . A similar self-association within crystallized TRα has been previously observed (26) , prompting us to test if this TR ↔ RXR interaction contributes to the allostery within TR•T3:RXR•9c. We generated a TR mutant, (M148K, I149K)TR, designed to disrupt the interheterodimeric TR ↔ RXR interaction and compared the transactivation profile of this mutant with the native TR:RXR complex. Because the pattern of transactivation of mutant and native protein is identical (Fig. S4D) , we could not relate the crystal-packing interheterodimer interactions with the allostery of TR•T3:RXR•9c.
Conclusions
The data produced in our study propose that 9c functions as an allosteric repressor of TR:RXR transactivation by stimulating conformational changes within the complex. The familiar therapeutic use of T3 analogs (27) to compensate for disease state levels of T3 (and potentially, RXR agonists) as a consequence of mutations within the hormone transporters (28) and other regulatory pathways underscores the clinical importance of allostery in regulating TR transactivation. Also, the presence of RXR agonists emphasizes the delicate balance in the modulation of ligand-mediated transactivation of TR:RXR heterodimers (29, 30) . The structural changes reported here are simply a global loosening of TR within TR•T3:RXR•9c, which results in a conformation that is indistinguishable from the free TR•T3 structure (14) using rmsd measurements. This loosening of TR is the basis for a continuum of TR:RXR conformations that can result in a broad range of activity states. Additional efforts will illustrate the broader significance and underlying mechanism of cooperativity in other heterodimeric NR complexes.
Materials and Methods
Details are in SI Materials and Methods. We used BL21 DE3 Escherichia coli to overexpress the TR and RXR LBDs. After purification by affinity to an Ninitrilotriacetic acid (Ni-NTA) matrix, anion exchange, and size exclusion chromatography, the protein was concentrated and crystallized.
Protein from the BL21 DE3 cells was used for T3 binding and SRC1 coactivator recruitment assays.
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I-T3 binding and dissociation assays were performed with and without 9c, and the data represent an average of measurements in triplicate. SRC1 binding was performed by ITC, with each titration containing 10-25 μM of the complex.
Transactivation studies were performed in CV-1 cells, and luciferase gene expression levels are used as a measure of TR:RXR activity.
